ABSTRACT A multi-band 10-antenna array working at the sub-6-GHz spectrum (LTE bands 42/43 and LTE band 46) for massive multiple-input multiple-output (MIMO) applications in future 5G smartphones is proposed. To realize 10 × 10 MIMO applications in three LTE bands, 10 T-shaped coupled-fed slot antenna elements that can excite dual resonant modes are integrated into a system circuit board. Spatial and polarization diversity techniques are implemented on these elements so that the improved isolation and mitigated coupling effects can be achieved. The proposed antenna array was manufactured and experimentally measured. Desirable antenna efficiencies of higher than 42% and 62% were measured in the low band and high band, respectively. Vital results, such as the envelope correlation coefficient, channel capacity, and mean effective gain ratio, have also been computed and analyzed. The calculated ergodic channel capacities of the 10 × 10 MIMO system working in the LTE bands 42/43 and LTE band 46 reached up to 48 and 51.4 b/s/Hz, respectively.
I. INTRODUCTION
The MIMO antenna technology is widely known for its ability to enhance system capacity, as well as mitigate the negative effects of multipath interference [1] . In the 4G (fourth generation) LTE (long term evolution) communication, the 2 × 2 MIMO multi-antenna system has previously been investigated and already applied to mobile devices. For a 2 × 2 MIMO scheme, two well decoupled LTE antennas with high antenna efficiency are usually arranged at the two sides of the printed circuit board (PCB) as MIMO array elements [2] , [3] . The massive MIMO scheme requires embedding a large number of antennas into a single wireless device and is regarded as a pivotal technology for the realization of the 5G (fifth generation) communication system.
It has been widely recognized that for smartphones with a massive MIMO array that work in the sub-6 GHz bands, the minimum number of antenna elements is approximately six to eight [4] . It has also been reported that the estimated upper capacity boundary for an 8 × 8 MIMO system in a Rayleigh-fading channel with a 20-dB signal-to-noise ratio (SNR) can reach up to 46 bps/Hz, which quadruples the capacity limitation (11.5 bps/Hz) over a conventional 2 × 2 MIMO system [5] . Even though the 5G massive MIMO is much more capable of boosting the spectrum efficiency and data throughput, it is not an easy task to integrate multiple antenna elements into a smartphone with very restrictive space. To meet the requirement of a closely packed antenna arrangement and to optimize the isolation, antenna miniaturization and decoupling techniques have become an underlying need for future antenna designs. Furthermore, considering the future demand of multi-band and multi-mode massive MIMO applications, besides the 4G main and diversity antennas, additional operating bands and resonant modes will be supported by the 5G antenna elements, which is now a challenging topic for antenna engineers.
Several 5G MIMO antennas for mobile handsets working at the sub-6 GHz spectrum have been proposed in recent years [6] - [13] . Among these reported 5G MIMO antenna designs, most are single-mode (or single operating band) antenna types. For example, a promising 8-antenna array (or 8 × 8 array) for a 5G multi-band MIMO has been reported in [6] , and it has a multi-band operation that can cover the GSM1900 (1880-1920 MHz), LTE2300 (2300-2400 MHz) and LTE2500 (2540-2620 MHz). However, its ground clearance regions (sized at 15 mm × 16 mm and 15 mm × 48 mm) are too large for practical applications in modern smartphones with large screens and narrow frames. Furthermore, its multi-band operation cannot cover the required LTE band 42 (3400-3600 MHz) and LTE band 43 (3600-3800 MHz) for the future sub-6 GHz spectrum. Even though the hybrid multi-antenna array studied in [7] has integrated dual 4G antennas (2 × 2 array) that work in the traditional 4G bands (824-960 and 1710-2690 MHz) with an 8-antenna 5G MIMO array that covers the LTE band 42 (3400-3600 MHz), the 5G antenna module itself is still a single-mode antenna type lacking the LTE band 43 spectrum. To achieve a broad 6-dB impedance bandwidth that can cover both the LTE band 42 and LTE band 43, a 10-antenna array whose array elements are a microstriplinefed open slot antenna was introduced in [8] . The 10 × 10 MIMO channel capacity of this 10-antenna array at a 20-dB SNR can reach up to 47 bps/Hz. Nevertheless, even though the works in [9] - [13] have presented multi-antenna arrays in several sub-6 GHz bands for future 5G smartphone applications, it is still difficult for antenna engineers to design a multi-band and multi-mode 5G MIMO antenna array with a compact structure for 5G smartphone applications that exhibits good isolation, radiation and MIMO performances.
Therefore, in this paper, a multi-band and multi-mode 10-antenna array for the next-generation smartphone is proposed. Each array element is a dual-mode T-shaped slot antenna, and its low band is able to cover the LTE bands 42/43 (3400-3800 MHz), while its high band can support the additional LTE band 46 (5150-5925 MHz). By perpendicularly arranging the linearly polarized antenna elements, polarization diversity is attained, and owing to good isolation, pattern diversity is also acquired. The proposed antenna array is simulated, manufactured, and tested. The typical results, such as S-parameters, antenna efficiencies and radiation patterns, are shown. The envelope correlation coefficient (ECC), mean effective gain (MEG) ratio and channel capacity are also computed to verify the MIMO performances. Lastly, the user's hand effects are also studied to evaluate the robustness of the antenna performances.
II. PROPOSED ANTENNA ARRAY
A. ANTENNA GEOMETRY The geometry and physical dimensions of the proposed 10-antenna array are presented in Fig. 1(a) . In this figure, the 10 antenna elements, namely, antennas (Ants) 1 to 10, are disposed along the four side edges (upper, lower, left and right) of the FR4 substrate (relative permittivity = 4.4 and loss tangent = 0.02). The substrate has a typical size of 150 mm × 80 mm × 0.8 mm, which is compatible with a 5.7-inch smartphone. It is also considered as the system PCB, because a ground plane is printed on its back surface. The structure of the slot antenna element (consider Ant 1 as an example) is shown in Fig. 1(b) , and it will be discussed in detail in Subsection II-B. The arrangement of the ten slot antenna elements is as follows. Four horizontal antennas (HA, Ants 1, 5, 6, and 10) are placed along the two short edges (upper and lower), and the other six vertical antennas (VA, Ants 2, 3, 4, 7, 8, and 9) are arranged along the two long side edges (left and right) of the PCB. In this design, each antenna element can fully cover the 3400-3800 MHz band and 5150-5925 MHz band, which are the combination of the uplink and downlink frequency ranges of the LTE bands 42, 43 and 46. Therefore, by integrating the 10 antenna elements for diversity and multiplexing implementation, besides serving as a 10 × 10 MIMO antenna array in the conventional LTE bands 42/43, the proposed antenna array can also operate in the newly issued LTE band 46 for the forthcoming massive MIMO operation in the LTE-Unlicensed (LTE-U) and LTE-Licensed Assisted Access (LTE-LAA) [14] .
B. SLOT ANTENNA ELEMENT
The detailed structure of the slot antenna element is depicted in Fig. 1(b) . As can be observed, a rectangular-shaped slot of size 16 mm × 2.5 mm is initially etched on the ground plane to serve as the main radiator of the multi-band antenna element. The T-shaped slot is then formed by cutting an opening section (0.5 mm × 0.5 mm) on the narrow strip that is etched along the edge of the PCB. Therefore, the narrow strip is now broken into two sections, in which the shorter strip section has a length L 1 , and the longer strip section has a length L 2 . It is notable that the total width of the T-shaped slot is merely 3 mm, indicating that the proposed antenna element has an appropriate size for narrow-frame smartphones. Here, the T-shaped slot is couple-fed by an L-shaped feeding strip printed on the opposite side of the ground plane. The feeding strip is comprised of two sections, namely, the vertical section (50-ohm microstrip feed line) of size 11.5 mm × 1.5 mm, and a short horizontal tuning section (or tuning stub) that is extended from point M to point M, with a dimension of L mm × 1 mm. By adjusting the length (L), width and relative position of the tuning section, the proposed slot antenna element can be well excited and matched. Since these slot parameters (L, L 1 , and L 2 ) and the separation distances between them are achieved using the electromagnetic simulation software (CST microwave studio version 15) via the trial and error method, for brevity, the parametric studies of how these parameters are obtained will not be shown here.
To optimize the performances of the proposed MIMO antenna array, the slot parameters L, L 1 , and L 2 were varied for each antenna element. This is because the antenna element is an open slot type, and the two resonant modes excited by the monopole slot are highly dependent on its surrounding ground. Thus, different antenna elements arranged at different positions are well designed and modified here to obtain better agreement of the performances. The specific values for L, L 1 , and L 2 are illustrated as follows. For the HAs (Ants 1, 5, 6, and 10), the L, L 1 , and L 2 are equal to 3.5, 5.8 and 9.7 mm, respectively. For the VAs (Ants 2, 3, 4, 7, 8, and 9), the L and L 1 are respectively fixed to 4 mm and 5.5 mm, whereas the values of L 2 are still unequal. For Ants 3 and 8 that are in the middle of the side edges, L 2 is 10.1 mm, while for Ants 2, 4, 7, and 9 (antennas closer to short edges), L 2 is slightly lengthened to 10.2 mm. By exciting the fundamental modes of the longer and shorter open slots, good dual resonant modes are generated to cover the LTE bands 42/43 (low band) and LTE band 46 (high band). Therefore, the proposed MIMO antenna array is competent for a 10 × 10 MIMO in the LTE bands 42/43/46. Compared with other works that only needed to consider one resonant mode, our proposed 10-antenna array has to satisfy both the low and high bands, which is also one of the main reasons why the slot parameters for each antenna element have to be tuned differently. The detailed slot parameters for each antenna element are shown in Table 1 .
The simulated S-parameters (reflection coefficients and transmission coefficients) of the proposed MIMO antenna array are addressed in Fig. 2 . Here, the CST microwave studio version 15 is used as the simulation tool. As the left and right side edges of the 10-antenna array elements are symmetrically disposed, for brevity, only the results of the antenna elements (Ants 1 through 5) on the right side edge are given. As shown in Fig. 2(a) , two resonant modes at approximately 3500 MHz and 5500 MHz are generated to respectively cover the low band and high band, and the simulated stacked 6-dB impedance bandwidths (3:1 voltage standing wave ratio, VSWR) are 3386-3830 MHz and 5078-5984 MHz, respectively. Fig. 2(b) shows that the isolations across the high band are better than 12.5 dB, and even though the isolations across the two adjacent HAs (S 61 and S 10 5 ) are slightly better than 10 dB in the low band, the results are still acceptable in the 5G MIMO antenna design. Therefore, this proves that even when the separation distances between any two adjacent antenna elements are relatively small, the proposed MIMO antenna array can still show good impedance bandwidths and isolation levels.
To better understand the operating principle of the T-shaped slot antenna element, the surface electric field (E-field) distributions of Ant 1 at 3500 MHz and 5500 MHz are simulated, and the results are shown in Figs. 3(a) and 3(b), respectively. For an open slot antenna, the opening section has a maximal impedance, whereas the closed section has a minimal impedance. Confined by this boundary condition, the surface E-field exhibits its maximum value at the opening section, while the minimum value is shown at the closed section, signifying that the fundamental mode of an open slot is the one-quarter-wavelength mode [15] . Apparently, a strong quarter-wavelength E-field path is distributed along the longer open slot at 3500 MHz, whereas the shorter open slot shows a strong quarter-wavelength E-field distribution at 5500 MHz. Thus, the low-band resonance and high-band resonance are respectively dependent on the fundamental modes of the longer open slot and the shorter open slot. Effects of varying the lengths L 1 and L 2 of the slot radiator, and the length L of the feeding strip are also analyzed. When tuning one length parameter, other parameters are fixed, as shown in Fig. 1 . The results in Fig. 4(a) suggest that an increase in the lengths L 1 and L 2 will allow the low-band and high-band resonances to shift to the lower frequency, and vice-versa. This is reasonable, as the low and high band resonant modes are controlled by the longer and shorter open slots, respectively. As shown in Fig. 4(b) , the variations of the feeding strip mainly affect the shifting and matching of the high-band resonance. Thus, good bandwidth coverage and impedance matching can be achieved by fine adjusting the parameters L, L 1 and L 2 .
C. ARRAY DESIGN
From Fig. 1(a) , it is observed that the separation distances (44.4 mm) of adjacent HAs (Ants 1 and 6 and Ants 5 and 10) are much larger than the separation distances (between 19.5 mm and 30.2 mm) of adjacent VAs (Ants 2 and 3, and Ants 3 and 4) and adjacent HA/VA (Ants 1 and 2, and Ants 4 and 5). In contrast, as shown in Fig. 2(b) , over the low band, S 61 and S 10 5 are worse than S 21 , S 32 , S 43 and S 54 . This phenomenon does not quite agree with the conventional spatial diversity theory, which indicates that two antenna elements with larger separation distances can more readily achieve a better isolation level. As over-the-air field coupling and ground current coupling are the two main forms of coupling for a MIMO array, this phenomenon can be comprehended by observing the excited E-field and ground current with respect to specific antenna elements [16] .
Figs. 5 and 6 show the E-field distribution and current distribution along the ground plane, respectively. The two figures demonstrate the same conditions in which Ant 1 is initially excited, followed by Ant 6. As depicted in Figs. 5(a) and 5(b), when Ant 1 and Ant 6 are respectively excited, the coupled E-fields from Ant 1 to Ant 2 (with Ant 1 excited) and from Ant 6 to Ant 7 (with Ant 6 excited) are weak. This is mainly because Ants 1 and 6, and Ants 2 and 7 are orthogonally disposed, and thus, they have exhibited orthogonal polarization (achieving polarization diversity). Since the E-field within the slot is perpendicular to the slot path (or tangential to the slot closed section), the polarizations of Ants 1 and 6 are along the y-axis direction (here defined as vertical polarization, VP), while the polarizations of Ants 2 and 7 are along the x-axis direction (here defined as horizontal polarization, HP). Utilizing polarization diversity, reduced over-the-air field coupling and enhanced isolation can therefore be expected. However, because Ants 2 and 7 are located directly below Ants 1 and 6, and they have exhibited HP (which is orthogonal to VP excited by Ants 1 and 6), this orthogonal polarization (OP) will block the E-fields of Ants 1 and 6 from propagating downwards (or towards the −y direction), and, therefore, lead to stronger coupled field yield between the two VP antennas (Ants 1 and 6). By further observing Fig. 5 , a larger E-field has propagated towards the −x direction (for Ant 1 excitation) and +x direction (for Ant 6 excitation), and a null point seen along the coupling path indicates that the path is a half-wavelength coupling from one VP antenna to another.
As depicted in Figs. 6(a) and 6(b), one can see that Ants 1 and 6, and Ants 2 and 7 yield perpendicular current directions around the T-shaped slot, and the excited current directions for Ants 1 and 6 are the same. Here, even though a weak ground current is observed along the path between Ant 1 and Ant 6, as shown in Fig. 6(a) , a strong current distribution can be seen in Ant 6 when Ant 1 is excited, and viceversa in Fig. 6(b) . Notably, this phenomenon also coincides with Fig. 5(a) , showing a strong E-field in Ant 6 when Ant 1 is excited, thus leading to poorer S 61 (less than −10 dB in the low band and less than −12.5 dB in the high band), even though their separation distance of 44.4 mm is the largest among other adjacent antenna elements. Therefore, we can also conclude that the OP yields a strong coupling block impact on both the field and current (or source), which significantly enhances S 21 , S 32 , S 43 and S 54 (less than −14 dB in the low band). The only disadvantage of this block impact is that more coupling will be directed along the horizontal (x-axis) direction between Ants 1 and 6, and Ants 5 and 10. To further comprehend the advantage of having OP, and explain why the 10 antenna elements are not disposed as accordingly along two longer side edges of the PCB with equal separation distance and identical slot antenna structure, further simulations were performed on case 1, as shown in Fig. 7(a) . Here, all the 10 antenna elements are placed vertically to get identical HP, instead of the proposed one having 4 antennas with VP, as shown in Fig. 7(b) . For case 1, besides having the same separation distance of 31.5 mm for all adjacent antenna elements along the same side edges, the dimensions of Ants 1, 5, 6, and 10 are consistent with Ant 2 and they are 2 mm away from the four corners of the PCB. From its corresponding reflection coefficients shown in Fig. 8(a) , because the resonant modes of Ants 1, 5 are shifted to the lower frequency, the desired low and high band operating bandwidths are therefore not fully covered. For its corresponding transmission coefficient results shown in Fig. 8(b) , despite showing better S 61 and S 10 5 , undesirable S 21 and S 54 of approximately −9 dB are observed, which are not acceptable for MIMO application. Furthermore, as shown in Fig. 8(c) , the transmission coefficients of nonadjacent antennas even reaches 12.5 dB. Thus, it can be concluded that the induced OP has contributed substantially to the overall performances of the MIMO antenna array. Without the OP, the coupling block effects will vanish, and the overall performances will be mitigated. In comparison, for the proposed antenna configuration shown in Fig. 7(b) , as mentioned earlier, a reasonable sacrifice in S 61 and S 10 5 can bring significant improvement on S 21 , S 32 , S 43 and S 54 . Hence, the proposed 10-antenna array configuration is better for practical application.
III. RESULTS AND DISCUSSION
Based on the antenna array discussed above, as shown in Fig. 9 , a prototype was manufactured and tested. The feeding strips of the antenna elements in the fabricated prototype are directly soldered to 50-ohm Sub-Miniature-A (SMA) connectors at the corresponding feed points for further measurements. The measured results, such as the S-parameters, antenna efficiencies and radiation patterns, were obtained when one antenna element under the test is excited and all the other elements are terminated to broadband matched loads. In the following subsections, the antenna performances, including the S-parameters, radiation performances, MIMO performances, and user's hand effects, will be discussed in detail. 
A. S-PARAMETERS
The S-parameters were measured with an Agilent E5071C vector network analyzer, and the corresponding results are given in Fig. 10 . It is observed that the measured S-parameters are well validated with the simulated ones shown in Fig. 2 . The slight differences are possibly due to fabrication tolerances, connecter effects, and other uncertain losses. As shown in Fig. 10(a) , the minimum achievable 6-dB impedance bandwidths in the low band and high band were 11.54% (3396-3812 MHz, by Ant 5) and 31.97% (4810-6640 MHz, by Ant 2), respectively. The corresponding stacked 6-dB impedance bandwidths were 11.54% (3396-3812 MHz) and 31.08% (4810-6580 MHz), respectively. Therefore, the measured 6-dB impedance bandwidths of the proposed MIMO antenna prototype can well cover the desired LTE bands 42/43/46 (3400-3800 MHz, 5150-5925 MHz). As shown in Fig. 10(b) that depicts the measured transmission coefficients, it is noticeable that the coupling block effects of Ants 1 and 2, and Ants 6 and 7 are still distinctive. The obtained S 21 , S 32 , S 43 and S 54 were better than −13 dB, while the measured S 61 and S 10 5 were also better than −11 dB across the desired operating bandwidths. In addition, due to the OP, the isolations of Ants 1 and 2 (S 21 ), and Ants 4 and 5 (S 54 ) were even higher than 16 dB in the low band. In conclusion, all the tested S-parameters working within the LTE bands 42/43/46 have satisfied and even surpassed the acceptable criteria (return losses larger than 6 dB and isolations larger than 10 dB) for 5G MIMO antenna arrays in mobile handsets.
B. ANTENNA EFFICIENCIES AND RADIATION PATTERNS
To validate the radiation performances, the total efficiencies and total realized gain patterns were measured in an ETS-Lindgren microwave anechoic chamber. Here, the obtained efficiencies and gains are both systematic and arraybased results, which incorporate the impacts of coupling losses and mismatching losses. Fig. 11 shows the measured total efficiencies of Ants 1 through 5. The measured antenna efficiencies across the low and high bands were 42%-65% and 62%-82%, respectively. In the low band, the two HAs (Ants 1 and 5) yielded the worse radiation performances, because of higher coupling losses. In general, the obtained antenna efficiencies are still better than 40% and 60%, respectively, in both bands, which are desirable for achieving low capacity loss. The measured theta-polarized and phi-polarized radiation patterns (in the xy plane) for Ants 1 through 5 are given in Fig. 12 (at 3500 MHz) and Fig. 13 (at 5500 MHz). Due to the symmetrical array structure, the patterns of Ants 6 through 10 are mirror images of Ants 1 through 5; thus, their results are omitted here for brevity. It is observed that the HAs (Ants 1 and 5) yield large radiation at the phi = 135 • (for Ant 1) and phi = 225 • (for Ant 5) directions at both 3500 MHz and 5500 MHz. Compared with the 3500 MHz patterns, the 5500 MHz radiation patterns in the +x-axis direction are much stronger, and directional patterns are also demonstrated. For the VAs (Ants 2, 3, and 4), at both 3500 MHz and 5500 MHz, larger radiation is generally oriented at the phi = 30 • (for Ant 2), phi = 0 • (for Ant 3) and phi = 330 • (for Ant 4) directions. Here, one can see that the radiation patterns for the HAs and VAs are conspicuously complementary and symmetric, which means that good pattern diversity characteristics are guaranteed. Furthermore, the antenna array has also possessed good linear polarization purity at 3500 MHz. In the main lobe directions, the copolarization component (Gain-phi) is at least at 12-13 dB (for HAs) and 7-8 dB (for VAs) larger than its corresponding cross-polarization component (Gain-theta). Thus, pattern and polarization diversity are both obtained for the proposed MIMO antenna array, which are advantageous for MIMO utility.
C. MIMO PERFORMANCES
The ECC, ergodic channel capacity and MEG ratio are investigated in this subsection to evaluate the diversity and multiplexing potential of the proposed MIMO antenna array. The ECC values are computed from the measured threedimensional complex E-field patterns under the hypothesis that the propagation channel is uniform, with an isotropic angular power density function (0-dB cross polarization ratio) distributed in both the theta-polarized and phi-polarized orientations [17] . The results of the ECC are given in Fig. 14 . It is seen that the calculated ECCs were less than 0.15 and 0.05, respectively, across the low and high bands. The ECCs of Ants 1 and 6 are the highest over the entire operating bandwidth, because their antenna efficiencies are not high, and their corresponding S 61 is relatively poor. Benefitting from the characteristic of the OP, the ECCs of Ants 1 and 2, and Ants 4 and 5 are relatively low (under 0.05 across the two desired bandwidths). Nevertheless, the calculated ECCs can meet the requirement of good diversity performance (ECC lower than 0.5) for a 5G MIMO.
FIGURE 14. Measured ECC values.
The channel capacity shown in Fig. 15 is achieved by assuming equal power is allocated to each transmitting antenna, and the propagation scenario is independent and identically distributed (i.i.d.) Rayleigh-fading channel, with a 20-dB SNR in the receiver end [18] . The ergodic channel capacity of the proposed antenna array is averaged over 100,000 10 × 10 channel realizations. The ideal channel capacities of the 10 × 10 and 2 × 2 MIMO systems are calculated under the circumstance that all the antenna elements at the transmitter and receiver are uncorrelated and lossless, with a zero correlation coefficient and 100% antenna efficiency the predicted achievable data throughput can be as high as 9-9.6 Gbps (at 20-dB SNR) within the 3400-3800 MHz band.
In addition to the ECC and channel capacity, the MEG ratios (|MEG i /MEG j |, where i and j denote specific antenna elements) are computed to quantify the imbalanced levels of the diverse propagation branches [19] . Under uniform propagation condition, the MEGs of Ants 1 through 5 are computed from the measured E-field results. Then, the maximal absolute MEG ratios in dB are further calculated, and the results are shown in Fig. 16 . The MEG ratios of the proposed MIMO antenna array are approximately below 1 dB across the entire operating bandwidths, which is far less than the recognized criterion (|MEG i /MEG j | < 3 dB). Therefore, good power balance and low diversity loss can be guaranteed.
D. EFFECTS OF HAND GRIP
In this subsection, to study the practical application potential of the proposed MIMO antenna array, antenna performance metrics under two representative hand-grip configurations are investigated, namely, data mode (DM, single-hand-operation mode) and read mode (RM, double-hand-operation mode), as shown in Figs. 17(a) and 17(b) , respectively.
The simulated S-parameters and total efficiencies of these two modes are respectively depicted in Fig. 18 (for DM) and Fig. 19 (for RM). It is found that the performance metrics are related to the gripped positions with respect to specific antenna elements, and the antenna radiation patterns [20] , [21] . For the DM case shown in Fig. 17(a) , Ants 6 and 7 are in direct contact with the hand phantom, while Ants 1, 2, 3, 4, and 8 are also very close to the hand. As shown Fig. 18(a) , even though the impedance bandwidths of Ants 6 and 7 have been improved, their corresponding efficiencies have degraded significantly to below 5%, as shown in Fig. 18(c) . The resonance modes of Ants 1, 2, 3, 4, and 8 are slightly varied. Restricted by the Chu-Harrington fundamental limitations, under hand-grip conditions, the bandwidth enhancement is usually at the expense of antenna efficiency and Q factor. Therefore, such an enhancement is not worthy [22] . As shown in Figs. 18(b) and 18(c) , despite the fact that hand phantom has some effects on the radiation performances, Ants 1, 5, 8, 9 , and 10 still experience good efficiencies of more than 30% across the low band, while the total efficiencies of Ants 1, 4, 5, 8, 9, and 10 are also generally higher than 30% across the high band. Their corresponding isolations are greater than 12.5 dB. Note that the efficiency of Ant 4 is desirable in the high band but unacceptable in the low band. This is probably because Ant 4 yields more radiation in the −y-axis direction (direction away from hand phantom) in the high band than in the low band.
For the RM case shown in Fig. 17(b) , Ants 1 and 5 are covered by the thumbs, and Ants 2, 4, 6, and 10 are also in close proximity to the user's fingers. As a result, and as depicted in Fig. 19(a) , large variations in the reflection coefficients of Ants 1 and 5 were observed, whereas the resonant modes of Ants 2, 4, 6, and 10 remained nearly constant. From the perspective of radiation performance, even though the efficiencies of Ants 1 and 5 are dramatically decreased, the total efficiencies of the other antennas (Ants 2, 3, 4, 6, 7, 8, 9, and 10) are still greater than 25% and 30%, respectively, across the low and high bands, with isolations better than 11 dB. Notably, the efficiencies of Ants 6 and 10 have increased by approximately 15% from the low band to high band, which is also reasonable, because these antennas have relatively larger radiation directed towards the −x-axis orientation (orientation away from hand phantoms) in the high band compared with the low band. From the aforementioned simulated results, one can see that at least five (Ants 1, 5, 8, 9, and 10) and eight (Ants 2, 3, 4, 6, 7, 8, 9, and 10) antenna elements have exhibited good S-parameters and radiation performances under DM and RM, respectively. However, the S-parameters and antenna efficiencies are not sufficient to reflect the diversity and multiplexing potentials of a multi-port MIMO array. Therefore, the ECC and ergodic channel capacity under the two hand-grip conditions are simulated and calculated correspondingly, and the results are depicted in Figs. 20 and 21. As can be observed in Figs. 20(a) and 20(b), compared with the free space case mentioned in Subsection III-C, the ECCs show minor variations under DM condition, while under RM condition, the ECCs in the high band are deteriorated. This is reasonable, because when a MIMO array is gripped by the phantom, the hand tissue is likely to break the orthogonality of radiation and decrease the independence of the propagation branches. Nevertheless, the computed ECC values of the two modes are less than 0.15, which is desirable enough for diversity operation. Fig. 21 shows the comparison of ergodic channel capacity between the free space condition and two hand-grip conditions. Without loss of generality, during the calculation, every channel capacity sample is obtained from the simulated MIMO channel matrix, and all the assumptions relating to signal and propagation scenario are kept consistent with the free space condition in Subsection III-C. To guarantee good branch power balance, only the antenna elements with desirable radiation performances, namely, Ants 1, 5, 8, 9, and 10 in antenna system becomes 5 × 5 MIMO in the low band of DM, 6 × 6 MIMO in the high band of DM, and 8 × 8 MIMO in the both bands of RM. It is seen in the figure that the hand grip incurs a moderate decrease in the channel capacity. Nonetheless, for DM, the calculated results are larger than 20 bps/Hz and 25 bps/Hz, respectively, in the low and high bands. For RM, the multiplexing performance becomes better, and all the calculated results are not less than 32 bps/Hz. By further considering the transmission bandwidth and the carrier aggregation (CA) capability between the low band and high band, the proposed antenna array is still able to provide multi-gigabit-per-second (multi-Gbps) throughput with the presence of user's hand. In conclusion, the proposed MIMO antenna array can be considered as a potential candidate for MIMO and even massive MIMO applications under practical usage scenarios. Table 2 exhibits the comprehensive comparison between the proposed antenna array and some 5G MIMO handset antennas. Apparently, almost all of the 5G antennas reported in the open-literature (except for [6] ) are single-mode antennas, while the proposed antenna array is one of the few MIMO antenna arrays that support dual-mode massive MIMO operation in three LTE bands (LTE bands 42/43/46). The effective 6-dB impedance bandwidths across the low band and high band of the proposed antenna array are 3400-3800 MHz (11.11%) and 5150-5925 MHz (14%), respectively, which total more than double the relative bandwidth of a single LTE band 42 (3400-3600 MHz, 5.71%) or the combination of LTE bands 42/43 (3400-3800 MHz, 11.11%). By comparing the antenna element sizes, the elements of the proposed dual-mode MIMO antenna array have a low profile of 0.8 mm with a planar size of 16.2 mm × 3 mm, which is comparable with the single-mode antennas in [7] and [9] - [11] , and the dual-mode antenna in [6] . Considering the MIMO order, the proposed antenna array can support 10 × 10 MIMO applications, and its peak channel capacity is 8 bps/Hz (in low band) and 11.4 bps/Hz (in the high band) higher than the maximum achievable capacities of the 8 × 8 MIMO antenna arrays that have been reported (40 bps/Hz in [10] ). Furthermore, the obtained channel capacity is even better than the 10-antenna array in [8] . Lastly, the proposed antenna array possesses the feature of OP, whereas the antennas reported in [7] , [8] , and [12] do not support polarization diversity.
IV. CONCLUSION
In this paper, a multi-band 10-antenna array operating in the LTE bands 42/43/46 (3400-3800 MHz, 5150-5925 MHz) for future 5G and sub-6 GHz MIMO applications in smartphones has been successfully investigated. A multi-band 10 × 10 MIMO is realized by generating two diverse open slot modes of the ten T-shaped slot antenna elements. Polarization diversity is utilized to form a coupling block and enhance the isolation. Furthermore, the proposed MIMO antenna array has desirable diversity and multiplexing performances. The antenna array shows good ECCs of less than 0.15 across the low band and 0.05 across the high band. The peak absolute MEG ratios are approximately lower than 1 dB. The maximum channel capacities of the 10 × 10 MIMO system in the low band and high band are 48 bps/Hz and 51.4 bps/Hz, respectively, which are 4.17 and 4.47 times of a conventional 2 × 2 MIMO system. The proposed antenna array also shows superior performance robustness and MIMO capabilities under different hand-grip conditions. In conclusion, the proposed MIMO antenna array is promising for 5G MIMO in the next-generation smartphone.
